The first application of WS 2 , a well-known graphene analogue, as a solid acid catalyst for carboxylic acid esterification is reported. WS 2 exhibits excellent specific activities and high conversion to methyl esters of (65-90 %) for C2-C16 carboxylic acid esterification with methanol under mild conditions, with Turnover Frequencies between 80-180 h -1 , and outstanding water tolerance even under equimolar water spiking. WS 2 also exhibits good stability towards methyl propanoate in the continuous esterification of propanoic acid, and is a promising candidate for biofuels production.
Introduction
Transition-metal chalcogenides (TMCs), particularly the group VI transition metal sulfides of W and Mo, have experienced a recent resurgence of academic interest because of their twodimensional, ordered layered structures, and associated advantageous functional properties [1] [2] [3] . Akin to graphene, TMC sulphides are held together by strong intralayer covalent M-S bonds, with weaker Van der Waals interlayer interactions [4] . The resulting anisotropic layered structures offer excellent optical, electronic and mechanical properties, and hence a broad of applications as catalysts, lubricants, photoconductors, sensors, energy storage and medical devices (including drug delivery agents) [2, [4] [5] [6] . TMCs have been synthesised in a plethora of tunable morphologies, including nanotubes, nanoplates, nanorods, nanoflowers, nanowires and nanospheres, accompanied by diverse surface physicochemical properties [4, [7] [8] [9] . Although TMCs exhibit remarkable thermal and chemical stabilities due to their strong M-S bonding [10] , the weak Van der Waals interlayer forces provide opportunities to prepare single and few layer nanosheets. Nanoparticulate and ultrathin TMC materials display unusual physical, chemical and electronic properties, particularly at their edges, compared to bulk analogues due to quantum confinement effects [3] .
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Band gap engineering offers a route to tune the electronic properties of graphene; TMCs such as WS 2 and MoS 2 are narrow band gap semiconductors whose electronic properties, such as charge transport, ion/small molecule intercalation, catalytic and optical properties, can likewise be tailored [1, 2] . Atomic defects in TMCs can also significantly affect their physical and chemical properties [11] , and hence potentially their catalytic performance. Recent timeresolved annular dark-field imaging and spatially resolved electron energy-loss spectroscopy has visualised the formation of single atom S and W defects, including vacancies and edge atoms, in WS 2 nanoribbons [11] . Anion defects will result in under-coordinated W atoms which are expected to behave as classic Lewis acid centres [8] . Vacancy formation could also result in electron delocalisation over W-S-W neighbours, requiring charge compensation by surface protons and hence the generation of Brønsted acidic character [11, 12] .
MoS 2 and WS 2 have long been reported as effective hydrotreating catalysts for hydrocracking and hydrodesulfurization in conventional oil refineries [13, 14] due to their low cost and toxicity and excellent thermal and chemical stability. However, there are no reports on their application as solid acid catalysts for sustainable chemical transformations, such as the upgrading of pyrolysis bio-oils through carboxylic acid neutralisation [15] or biodiesel production from free fatty acid components of non-edible plant and algal oils [16] [17] [18] [19] , in both cases by esterification with short chain alcohols. Here we report the first demonstration of WS 2 for the catalytic esterification of carboxylic acids under mild reaction conditions for applications in the renewable energy sector. [14, 20] . The solid acidity of WS 2 was probed through NH 3 and propylamine chemisorption and temperature-programmed desorption, in order to quantify their acid loadings and relative strengths. The total acid site density of WS 2 derived by propylamine was 0.21 mmol.g -1 , comparable to that obtained for sulphated [21] and tungstated [22] zirconias. Reactively-formed propene from propylamine decomposition desorbed between 300-500 °C, and adsorbed ammonia between 200-600 °C, indicative of a mix of medium and strong acid sites ( Figure S2 ). DRIFT spectra of WS 2 following titration with chemisorbed pyridine revealed a 1:1.2 Brønsted:Lewis intensity ratio of the respective bands at 1556 cm -1 and 1611 cm -1 , indicating mixed acid character ( Figure S3 ). Carboxylic acid esterification is
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generally accepted to follow a Brønsted acid catalyzed mechanism involving the formation of a carbenium ion intermediate [23] . As our DRIFT spectra of pyridine titrated WS 2 show, the parent chalcogenide possesses both Brønsted and Lewis acid sites in an approximately equimolar ratio. The latter likely arise from single atom S anion vacancies resulting in undercoordinated W atoms, which are expected to behave as classic Lewis acid centres, however the reaction of such Lewis centres with water and protic reagents [24] can produce Brønsted acid centres during esterification, and the latter are likely the active catalytic sites in this work. 
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( Figure 1) , and hence acid sites within the interlayers will likely be accessible only to acetic and propanoic acids, with hexanoic and palmitic acids only undergoing reaction over the external surface. However, to avoid confusion in the comparison of Turnover Frequencies (TOFs) for short and long chain carboxylic acids, a common approach was adopted in which these were calculated by normalising the initial rate of esterification to the acid site density titrated by propylamine, independent of chain length. This approach will be accurate for the C2 and C3
acids, but underestimate TOFs for C6 and C16 acids. However, this is preferable to the use of a larger basic molecular probe (e.g. t-butylamine) which would only titrate acid sites on the WS 2 external surface, and thereby overestimate TOFs for shorter acids. As noted above, esterification of carboxylic acids is generally accepted to follow a Brønsted acid catalyzed mechanism, and hence it is likely that the active sites in WS 2 are the Brønsted sites observed in Figure S3 by DRIFTS. Mechanistic aspects of acetic acid esterification over heterogeneous Brønsted acid catalysts indicate that the formation of a strongly adsorbed, protonated acid intermediate is followed by rate-limiting step nucleophilic attack by the alcohol to yield a protonated carbonyl through either a single-(Eley-Rideal) [27] or double-site (Langmuir-Hinshelwood) [28, 29] surface reaction. Although initial esterification rates and associated Turnover Frequencies (TOFs) decreased significantly for chain length >C6, TOFs for hexanoic and palmitic acids are almost an order of magnitude higher than those reported for WO X /ZrO 2 [22] WO X /ZrPO x [30] , and mesoporous SO 4 /ZrO 2 [31] , twice those of either sulfonic acid functionalised SBA-15 and KIT-6 mesoporous sílicas [23, 25] or heteropolyacids [32] , and only surpassed by homogeneous p-sulfonic acid calix [6] arene and p-hydroxybenzenesulfonic 
6 acid organocatalysts [33] , all under comparable reaction conditions (Table 1) . WS 2 is hence an exceptional solid acid catalyst for palmitic acid esterification, an important step in the commercial production of biodiesel production from plant oils. leaching of the active phase, strong adsorption over hydrophilic catalysts, and/or promotion of the reverse ester hydrolysis reaction and displacement of the reaction equilibrium towards the acid. The water tolerance of WS 2 was therefore explored for propionic acid esterification with methanol ( Figure 3) . Addition of 1 mmol of water (10 mol% equivalent to the acid) had little effect on the initial rate, which fell by around 25 %, whereas high water concentrations (100 mol%) resulted in a 50 % activity loss. While obviously undesirable, this water tolerance remains superior to that observed for acid esterification catalysed by H 3 PW 12 O 40 functionalised magnetic nanoparticles (for which only 1 wt% water induced 90 % deactivation) [35] , SO 4 /ZrO 2 [34] , Amberlyst-15 [36] , and SAC-13 [27] as shown in Table 2 . For hydrophilic solid acid catalysts it is strongly believed that deactivation occurs due to irreversible water adsorption over the active sites coupled with a shift in equilibrium position to favour ester hydrolysis. Hence some WS 2 acid sites retain activity even in the presence of extremely high water concentrations.
A C C E P T E D M A N U S C R I P T WS 2 also demonstrated excellent re-usability, delivering >90 % propanoic acid esterification over three consecutive reactions (Figure 4) , and proved amenable to continuous esterification in a plug-flow reactor wherein constant methyl propanoate ester productivity was observed over 6 h ( Figure S5 ). While conversion was obviously lower in the latter case due to the shorter contact time with the catalyst, plug-flow operation permits continuous ester production with integrated product separation. Reaction conditions: 60 °C, 100 mg catalyst, 10 mmol acid and 12.1 ml methanol; an additional 10 mmol acid was added after each 6 h reaction.
Conclusions
A new application for WS 2 is demonstrated, as a solid acid catalyst demonstrating excellent catalytic activity for esterification reactions under relatively mild conditions. We believe this to be the first example of WS 2 investigated for use in this particular application. Activity was maintained in C6 and C16 acid esterification, suggesting WS 2 analogues could find potential use in bio-oil upgrading and biodiesel production from free fatty acids. We believe that tuneable morphologies (nanostructures) or the preparation of a stable, single layer structure could further improve catalytic activity, with respect to the current WS 2 nanosheets, for any reaction that follows an acid site mechanism. WS 2 appears as an excellent, low cost and robust material demonstrating highly active acidic species for acid esterification.
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